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Perpendicular magnetic anisotropy has been investigated for Fe(x ML)/Au( x ML) superlattices
~ML: monatomic layer thickness! with x ranging from 1 to 4. The x-ray diffraction analyses indicate
the formation of coherent layered structures both forx5 integers and nonintegers. However, the
perpendicular magnetic anisotropy forx5nonintegers shows different behavior from that forx
5 integers, and consequently, it oscillates as a function ofx with a period of 1 ML. Furthermore, the
































Recent development of thin-film preparation techniqu
has realized monatomic layer control of metal elements.
previous letter,1 we reported the artificial fabrication of a
L10 ordered structure by alternate deposition of Fe~001! and
Au~001! monatomic layers. TheL10 ordered structure wa
successfully produced although it does not exist in the e
librium phase diagram. The ordered FeAu alloy film show
a large Fe moment compared to that of bulk Fe (2.2mB), a
large perpendicular magnetic anisotropy, and novel magn
optical Kerr spectra.1–3 We also prepared
Fe(x ML)/Au( x ML) superlattices withx larger than 1,
where ML represents monatomic layer thickness. Deta
comparisons between the properties in theL10 ordered struc-
ture (x51) and the multilayer structures (x.1) have been
made.3–5
In this letter, we report that the perpendicular magne
anisotropy in Fe(x ML)/Au( x ML) superlattices does no
decrease monotonically with increasingx from 1, but it os-
cillates with a period of 1 ML. In addition, the oscillation o
the anisotropy is found to correlate with that of the out-
plane lattice spacing.
The samples were prepared on polished MgO~001! sub-
strates by ultrahigh vacuum~UHV! deposition. Fex ML and
Au x ML were alternately deposited on a monocrystalli
Au~001! buffer ~500 Å thick!. x was varied in the range o
1–4 with a step of 0.25, and the repetition number
Fe(x ML)/Au( x ML) was 100/x or 30. 1 ML for Fe and Au
were defined as the same values as~002! spacings in bulk
crystals: dFe51.43 Å and dAu52.04 Å, respectively. The
thicknesses were controlled on the basis of the values m
tored by a quartz-crystal oscillator, and simultaneouslyin
situ reflection high-energy electron diffraction~RHEED! ob-
servation was made to monitor the surface structure and
film growth. Further details of sample preparation were
scribed in previous papers.1,2 The structure analysis wa
made by x-ray diffraction~XRD! using a conventionalu – 2u
diffractometer with CuKa radiation. The magnetization wa
measured by a superconducting quantum interference de
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~SQUID! magnetometer. The effective perpendicular ma
netic anisotropy energy,K' , including shape anisotropy
was obtained from the area between the in-plane and per
dicular magnetization curves, removing the hysteresis by
eraging the hysteresis loop branches.6
Figure 1 shows the XRD profiles forx ranging from 1 to
2. For x51, the superlattice~001! peak associated with th
L10 ordered structure is seen in addition to the fundame
~002! peak. Asx increases from 1, the~001! peak seems to
split into two separate peaks, and the positions of the
peaks change systematically withx. These two peaks are
regarded as the first-order satellites of the fundamental~000!
and ~002! peaks denoted as (000)11 and (002)21, respec-
tively. As described in a previous paper,4 the XRD profiles
can be simulated well by the calculations assuming a co
h,
icFIG. 1. XRD profiles for Fe(x ML)/Au( x ML) superlattices withx51,
1.25, 1.5, 1.75, and 2.© 1998 American Institute of Physics


































738 Appl. Phys. Lett., Vol. 72, No. 6, 9 February 1998 Takanashi et al.plete layer-by-layer growth with structural coheren
throughout the sample. In the calculations forx
5nonintegers, the composition is supposed to change
tematically with the atomic layer number due to the ex
tence of fractional atomic layers. The agreement between
experiment and calculation indicates the successful con
of layer thicknesses with accuracy of 0.1 ML and the form
tion of coherent layered structures even forx5nonintegers.
Figure 2 shows the average~002! spacing normal to the
film plane,d(002) , as a function ofx. For x5 integers,d(002)
decreases monotonically withx and approaches the simp
average of the spacings for bulk Fe and Au, i.e., (dFe
1dAu)/251.74 Å. The broken curve indicates the calcu
tion expressed as
d~002!5@~x21!dFe1~x21!dAu12d#/2x, ~1!
where d is the interplanar spacing between Fe and Au
interfaces. We assume thatd is always the same as that fo
x51, i.e., 1.92 Å which is somewhat larger than the sim
average (dFe1dAu)/2. The calculation agrees very well wit
the experiment forx5 integers. On the other hand, forx
5nonintegers, the data ond(002) deviate from those forx
5 integers and they are rather close to the simple aver
We consider that this is a consequence of the change in
interplanar spacing between Fe and Au associated with
existence of fractional atomic layers forx5nonintegers. As
a whole,d(002) oscillates as a function ofx with a period of
1 ML.
Figure 3 shows magnetization curves measured at 7
for x51, 1.25, 1.5, and 1.75. Forx51, the perpendicular
anisotropy is so large that the easy axis is normal to the
plane. The perpendicular magnetic anisotropy decreases
idly with x, and the easy axis is almost reversed to in pla
for x51.5. Interestingly, however, the easy axis is norma
the film plane again forx51.75. Figure 4 shows the produ
of the Fe layer thicknesstFe(51.43•x Å) andK' as a func-
tion of x. tFe•K'.0 and tFe•K',0 indicate that the eas
axis is out of plane and in plane, respectively. Forx
5 integers, we have a good linear relationship7 as reported
for various multilayer systems.6 For x5nonintegers, on the
FIG. 2. Average ~002! spacing, d(002) , normal to the film plane for
Fe(x ML)/Au( x ML) superlattices as a function ofx. Open and closed
circles represent the data forx5 integers and nonintegers, respectively. T
broken curve indicates the calculation assuming the interplanar spacin
tween Fe and Au at interfaces is always the same as that forx51. The solid















other hand, the data deviate from the linear relationship
they are always lower than those forx5 integers. Conse-
quently, tFe•K' oscillates with a period of 1 ML. Thex
dependence of the magnitude of the Fe momentmFe is shown
in the inset of Fig. 4. Although the experimental error
quite large, mFe is found to be almost constant@2.75
60.25mB ~Ref. 8!# for x up to 4 and it shows no oscillator
behavior. The oscillation oftFe•K' seems to correlate with
that of d(002) shown in Fig. 3. In both cases, the amplitud
of oscillations decay strongly withx, and they become neg
ligibly small for x.3. The correlation betweend(002) and
tFe•K' suggests that the perpendicular anisotropy is clos
related to the interplanar spacing between Fe and Au.
e-
FIG. 3. Magnetization curves for Fe(x ML)/Au( x ML) superlattices with
x51, 1.25, 1.5, and 1.75, measured at 77 K in applied fields parallel~broken
curves! and perpendicular~solid curves! to the film plane.
FIG. 4. Product of the Fe layer thicknesstFe and the effective perpendicula
magnetic anisotropy energyK' for Fe(x ML)/Au( x ML) superlattices as a
function ofx. Open and closed circles represent the data forx5 integers and
nonintegers, respectively. The broken line shows a least-squares fit to
data forx5 integers. The solid curve is a guide to the eye. The inset sh
the x dependence of the magnitude of the Fe momentmFe.


































739Appl. Phys. Lett., Vol. 72, No. 6, 9 February 1998 Takanashi et al.In conclusion, we have found that the perpendicular
isotropy oscillates as a function of the layer thickness
Fe/Au superlattices with a period of 1 ML. This letter pr
vides a discovery of the oscillation of theperpendicularan-
isotropy in superlattices. Recently, the oscillation of thein-
planeanisotropy induced by steps was reported for ultrat
Co films grown on Cu by Weberet al.9 In addition, the os-
cillations of magnetic anisotropy caused by quantum in
ference were investigated both theoretically10 and
experimentally.11 Because the oscillation caused by quant
interference should have a much longer period than 1 M
the present result may be due to morphological origin l
the step-induced anisotropy rather than the quantum inte
ence. In other words, the roughness at interfaces fox
5nonintegers reduces the number of Fe atoms with stri
uniaxial crystal symmetry, leading to the reduction inK'
compared to that forx5 integers with flat interfaces, which
should show the highest value ofK' .
12 Furthermore, the
correlation between the perpendicular anisotropy and
out-of-plane spacing suggests that the contribution of
Fe–Au bond length is also significant. In order to elucid
the mechanism for the oscillation of the perpendicular
isotropy, detailed knowledge of the growth mode and dis
bution of Fe and Au atoms in compositionally mixed laye
will be necessary. Structural analyses including hig
resolution transmission electron microscopy, extended x
absorption fine structure, and scanning tunneling microsc
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